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Consumption of ω-3 fatty acids from fish oil, specifically eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), decreases risk for heart failure and attenuates pathologic cardiac remodeling in response to
pressure overload. Dietary supplementation with EPA + DHA may also impact cardiac mitochondrial
function and energetics through alteration of membrane phospholipids. We assessed the role of EPA + DHA
supplementation on left ventricular (LV) function, cardiac mitochondrial membrane phospholipid
composition, respiration, and sensitivity to mitochondrial permeability transition pore (MPTP) opening in
normal and infarctedmyocardium. Rats were subjected to sham surgery or myocardial infarction by coronary
artery ligation (n=10–14), and fed a standard diet, or supplemented with EPA + DHA (2.3% of energy
intake) for 12 weeks. EPA + DHA altered fatty acid composition of total mitochondrial phospholipids and
cardiolipin by reducing arachidonic acid content and increasing DHA incorporation. EPA + DHA significantly
increased calcium uptake capacity in both subsarcolemmal and intrafibrillar mitochondria from sham rats.
This treatment effect persisted with the addition of cyclosporin A, and was not accompanied by changes in
mitochondrial respiration or coupling, or cyclophilin D protein expression. Myocardial infarction resulted in
heart failure as evidenced by LV dilation and contractile dysfunction. Infarcted LV myocardium had decreased
mitochondrial protein yield and activity of mitochondrial marker enzymes, however respiratory function of
isolated mitochondria was normal. EPA + DHA had no effect on LV function, mitochondrial respiration, or
MPTP opening in rats with heart failure. In conclusion, dietary supplementation with EPA + DHA altered
mitochondrial membrane phospholipid fatty acid composition in normal and infarcted hearts, but delayed
MPTP opening only in normal hearts.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Clinical studies show that the ω-3 polyunsaturated fatty acids
found in fish oil (eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA)) exert beneficial effects on the heart, as evidenced by a
decreased risk of ischemic heart disease and sudden cardiac death
[1,2], and a lower incidence of heart failure [3,4]. Recently, the GISSI
heart failure trial found that a low dose of EPA + DHA (0.85 g/day)
reduced the risk for mortality and hospitalization in heart failure
patients compared with placebo over a 3.9-year period [5]. The me-

chanisms for the observed beneficial effects of EPA + DHA on the
heart are not clear, but a possible mediator is alterations in cardiac
phospholipid composition. We recently found that dietary supple-
mentation with EPA + DHA increased DHA and EPA and decreased
arachidonic acid (a precursor to inflammatory eicosanoids) in whole
tissue cardiac phospholipids [6]. However, changes in whole tissue
phospholipids are difficult to interpret, and targeted analysis of
specific organelles, particularly mitochondria, have not been reported.

In advanced heart failure,mitochondria exhibit either normal [7–10]
or decreased [11–13] respiration and oxidative phosphorylation and
have a greater susceptibility to opening of the mitochondrial perme-
ability transition pore (MPTP) [14,15]. The MPTP is a large-diameter,
high-conductance, voltage-dependent channel that allows passage
of water, ions, and large molecules, resulting in mitochondrial swel-
ling and triggering of cardiomyocyte apoptosis [16–18]. High extra-
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mitochondrial Ca2+ and oxidative stress synergistically trigger MPTP
opening, whereas Ca2+ chelation causes it to rapidly close. Previous
studies suggest that MPTP opening is affected by phospholipid
composition, specifically the release of arachidonic acid and the content
of cardiolipin (CL) in mitochondrial membranes [19–21]. CL is an inner
membrane tetra-acyl phospholipid that is essential for normal mito-
chondrial respiration and is decreased in heart failure [22]. Most CL is
composed of four linoleic acid side chains (tetralinoleoyl CL or L4CL),
which is considered the optimal structure, as substitution with long
chain saturated andmonounsaturated fatty acids impairsmitochondrial
function [22,23]. Dietary supplementationwithEPA+DHAcan increase
CL in cardiac mitochondria [24,25], which could affect MPTP opening.
Since MPTP opening is strongly associated with cardiomyocyte death
and LVdysfunction in ischemia/reperfusion andheart failure [17,18,26],
it is important to determine if EPA + DHA affects MPTP opening in
normal and pathological conditions.

Supplementation with EPA + DHA attenuates pathological LV
hypertrophy and development of heart failure under conditions of
pressure overload in a rat model [6,27–29]. However clinical heart
failure is frequently the result of ischemic heart disease and
myocardial infarction rather than hypertension-induced LV hypertro-
phy. Previous studies in the coronary artery ligation infarct-induced
heart failure model in rats found a modest depletion of linoleic acid
from total cardiac phospholipids [30], and either no effect on
mitochondrial function [7–10] or a significant decrease in respiratory
capacity [31]. The effects of infarct-induced heart failure on mito-
chondrial phospholipid composition have not been reported, nor
has the response to dietary supplementation with EPA + DHA. Thus
in the present study we assessed the effects of long-term treatment
with EPA + DHA on phospholipid fatty acid composition and
function in cardiac mitochondria from rats subjected to sham surgery
or infarct-induced heart failure. We hypothesized that EPA + DHA
would (1) decrease arachidonic acid in mitochondrial phospholipids,
(2) maintain total CL and L4CL, (3) delay MPTP opening in response
to Ca2+, and (4) prevent LV remodeling in response to myocardial
infarction.

2. Methods

2.1. Experimental design

Investigatorswere blinded to treatmentwhenmeasurementswere
performed. The animal protocol was conducted according to the
Guideline for the Care and Use of Laboratory Animals (NIH publication
85-23) and was approved by the University of Maryland School of
Medicine Institutional Animal Care and Use Committee. The animals
weremaintained on a reverse 12-h light–dark cycle and all procedures
were performed in the fed state between 3 and 6 h from the start of the
dark phase. Male Sprague–Dawley rats weighing approximately 330 g
were subjected to myocardial infarction or sham surgery (n=10–14).
One week after surgery, the rats were fed a standard chow (STD) or
modified standard chow containing fish oil composed primarily of EPA
and DHA (EPA + DHA). The rats were maintained on the diet for 12
weeks. LV function was analyzed by echocardiography at 6 and 11
weeks after dietary assignment. Twelve weeks after assignment to
dietary treatment, rats were anesthetized with isoflurane, blood and
urine were drawn, and the heart was harvested for biochemical
analysis.

2.2. Myocardial infarction

Heart failure was induced by myocardial infarction as previously
described [32]. Briefly, rats were anesthetized with 1.5–2.0% isoflur-
ane, intubated and ventilated. An infarct was induced by ligation of
the left coronary artery and sham animals were subjected to the same
surgical procedure without coronary artery ligation.

2.3. Diets

Both chows were custom-manufactured (Research Diets Inc., New
Brunswick, NJ). The STD and EPA + DHA diets both derived 70% of
total energy from carbohydrate (40% of total energy from cornstarch,
5% from maltodextrin and 25% from sucrose), 20% protein (casein
supplemented with L-cystine) and 10% energy from fat. In the STD
diet, fat wasmade up of 67% lard and 33% soybean oil. The EPA+DHA
diet derived 2.3% of the total energy as EPA + DHA (3.3% fish oil that
was comprised of 21% EPA and 49% DHA by mass; Ocean Nutrition,
Dartmouth, Nova Scotia, Canada), with the balance of fat from lard
and soybean oil. The fish oil dose corresponds to a human intake of
approximately 5.1 g/day of EPA + DHA (calculated assuming an
energy intake of 2000 kcal/day).

2.4. Echocardiography

LV functionwas assessed using a Vevo 770 High-Resolution Imaging
Systems (Visual Sonics) with a 15-MHz linear array transducer (model
716). Anesthetized rats were shaved and placed supine on a warming
pad. Two-dimensional cine loops and guided M-mode frames were
recorded from the parasternal short and long axis. At the end of the
study, all data were analyzed offline with software resident on the
ultrasound system, and calculations were made to determine LV
volumes as previously described [6]. Ejection fraction was calculated
as: (EDV-ESV)/EDV×100, where EDV is the end diastolic volume and
ESV is the end systolic volume. Relative wall thickness is calculated by
the equation: (PWTs + AWTs)/EDD, where PWTs is the systolic
posteriorwall thickness andAWTs is the systolic anteriorwall thickness,
using measurements made from the long axis parasternal view.

2.5. Metabolic and biochemical parameters

Free fatty acids, triglycerides, and glucose (Wako, Richmond, VA))
were assessed in the plasma and creatinine was assessed in the urine
(Cayman Chemical, Ann Arbor, MI) using enzymatic spectrophotome-
tric methods. Enzyme-linked immunosorbent assays were used to
measure TNFα (Alpco Diagnostics, Salem, NH) and adiponectin
(Millipore, St. Charles, MO) levels in the serum, and thromboxane B2
in the urine (Cayman Chemical, Ann Arbor, MI). The accumulation of
the lipid peroxidation products malondialdehyde (MDA) and 4-
hydroxyalkenals (HAE) was measured using a colorimetric microplate
assay (Oxford Biomedical Research, Oxford, MI). Powdered LV tissue
was assessed based on the manufacturer's protocol, and the results
were normalized to total protein content. Activities of the mitochon-
drial marker enzymes citrate synthase, medium chain acyl-CoA
dehydrogenase (MCAD), and succinate dehydrogenase (SDH) were
measured spectrophotometrically in homogenates of the LV, and citrate
synthase and SDH were measured in isolated cardiac mitochondria.
Protein was extracted from frozen LV mitochondria, separated by
electrophoresis in 4–12% NuPage gels, transferred onto a nitrocellulose
membrane, and incubatedwith specific antibodies to cyclophilin D and
voltage-dependent anion channel (VDAC) (1:10,000 and 1:5000,
respectively, both from Mitosciences, Eugene, OR). Fluorescence-
conjugated secondary antibodies (IRDye 800, 1:10,000; LI-COR Biosci-
ence) were used for incubation before the membranes were scanned
with Odyssey® infrared imaging system (LI-COR Bioscience). The
digitized image was analyzed with Odyssey® software.

2.6. Mitochondrial preparation

Mitochondria were isolated based on the method of Palmer [33].
Non-infarcted LV tissue (400-500mg)wasminced and homogenized in
1:10 cold modified Chappel-Perry buffer, and the homogenates were
centrifuged at 500×g and then treated to isolate subsarcolemmal (SSM)
and interfibrillar (IFM) mitochondria. The IFM were obtained after

820 K.M. O'Shea et al. / Journal of Molecular and Cellular Cardiology 47 (2009) 819–827



Author's personal copy

treatment of supernatant with 5mg/gwet weight trypsin for 10min at
4 °C. The concentration of mitochondrial protein was measured by the
Lowry method using bovine serum albumin as a standard.

2.7. Mitochondrial respiration

Oxygen consumption in SSM and IFM was measured using a Clark-
type oxygen electrode (Qubit Systems, Ontario, Canada). Mitochondria
(0.25 mg protein) were maintained in 0.5 ml solution consisting of
100mMKCl, 50mMMOPS, 5mMKH2PO4 1mM EGTA, and 0.5 mg fatty
acid-free albumin, at pH7.0 and37 °C. State3 (ADP-stimulated) and state
4 (ADP-limited) respiration were measured with glutamate + malate
(10 and 5 mM, respectively), pyruvate (10 mM), palmitoyl-CoA +
carnitine (10 and25mM, respectively), andpalmitoylcarnitine (10mM),
and succinate plus rotenone (10 mM and 7.5 μM, respectively), was
used to assess respiration through complex II of the ETC exclusively.
State 4 respiration was measured±oligomycin. Possible defects
in the F0/F1 ATPase were assessed with the uncoupler carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP).

2.8. Mitochondrial permeability transition pore (MPTP) opening
probability

Isolated IFM and SSM (0.75 mg protein) were resuspended in
respiration buffer without BSA, only 5uM EGTA, 1mM MgCl2, 10 mM
glutamate and 5 mM malate. A 5 mM calcium solution was
continuously infused at a rate of 2 μl/min for 20 mins, and free Ca2+

was monitored by use of 1 μl Fura-6-F (0.1 mM) [34]. Fluorescence was
recorded continuously in awater-jacketed cuvette holder at 37 °C using
a Hitachi F2500 fluorescence spectrometerwith excitationwavelengths
for the free and calcium-bound forms of 340 and 380 nm, respectively,
and emission wavelength of 550 nm. At the end of each experiment,
calibrations were performed to establish (a) a zero (by adding 30 μl of
0.1 M EGTA) and (b) a saturated Ca2+ level (by adding 30 μl of 0.1 M
CaCl2). Free Ca2+ concentration was calculated from the following

equation, ½Ca + 2�free = KD
½F − Fmin�
½Fmin − F� where F is the fluorescence of the

indicator at experimental Ca2+ levels, Fmin is the fluorescence in the
absence of Ca2+ (after adding EGTA), and Fmax is the fluorescence of the
Ca2+-saturated probe (1 M CaCl2 added). A KD for Fura-6-F and Ca2+ of
5.3 μM was used. MPTP opening was defined as the cumulative Ca2+

loadatwhich the extra-mitochondrial [Ca2+] equaled twice thebaseline
extra-mitochondrial [Ca2+].

In a follow-up study a separate group of rats were fed the same
STD and EPA+DHA diets for 8weeks, and SSMwere isolated from the
LV as described above. The protocol for the MPTP Ca2+ sensitivity
assay was modified so that MPTP would be triggered in all samples by
using 0.50 mg mitochondrial protein, and infusing 5 mM calcium
solution at 5 μL/min. The assay was also performed with the addition
of cyclosporin A (CsA; 100 nM)), an inhibitor of MPTP.

2.9. Reactive oxygen species production

To determine whether EPA + DHA supplementation affected mito-
chondrial generation of reactive oxygen species, hydrogen peroxide

Table 1
Body mass and cardiac parameters.

Standard chow EPA + DHA p

Sham Infarct Sham Infarct Infarct vs. Sham

Terminal body mass (g) 474±6 464±8 468±8 473±10 NS
Tibia length (cm) 4.50±0.04 4.41±0.03 4.40±0.03 4.41±0.03 NS
LV mass/tibia length (mg cm−1) 232.8±5.8 249.6±7.0 228.7±6.2 253.3±7.4# 0.003
RV mass/tibia length (mg cm−1) 58.1±3.1 78.2±7.5# 57.9±2.2 72.3±5.2# 0.009
Atrial mass/tibia length (mg cm−1) 20.7±2.1 29.2±3.3# 21.7±1.8 26.8±2.2 0.002
Infarct size (% of LV) 1.1±0.6 13.0±2.7⁎ 0.8±0.5 13.4±2.2⁎ b0.001
Infarct size (mg) 12±6 146±32⁎ 8±5 155±28⁎ b0.001
Relative wall thickness (cm) 0.69±0.04 0.54±0.03# 0.67±0.03 0.51±0.03⁎ b0.001

Data are the mean±SEM; n=10–14.
# pb0.05 vs. sham.
⁎ pb0.001 vs. sham. The Infarct vs. Sham column represents significant main effects of surgery. NS, not significant; RV, right ventricle; LV, left ventricle.

Fig. 1. Echocardiographic assessment of LV function. End diastolic volume (left panel); end systolic volume (middle panel); and ejection fraction (right panel); n=10–14/group.
⁎pb0.001 vs. respective sham.
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production was measured in respiring mitochondria as previously
described [35,36]. Briefly, 5 U/ml horseradish peroxidase, 40 U/ml Cu–
Zn superoxide dismutase, and 1 μM amplex red were added to
respiration buffer containing 0.75 mg mitochondria and malate +
glutamate. Superoxide generation was measured with sequential
additions of ADP (0.5 mM), oligomycin (1.25 μg/ml), and rotenone
(1 μM).H2O2 productionwasmeasured as an increase influorescence of
amplex red. The experiment was terminated by the addition of 1 nmol
H2O2 to calibrate the dye response.

2.10. Membrane lipid composition

Cardiac phospholipid fatty acid composition was assessed in a
subset of animals (n=7–8/group) on isolated cardiac IFM and SSM
homogenates by gas chromatographywith a flame ionization detector
according to a modification of the transesterification method as
previously described [37]. Cardiolipin composition was assessed on
isolated cardiac mitochondria by electrospray ionization mass
spectrometry using 1,1′,2,2′-tetramyristoyl CL as an internal standard
as previously described (n=6/group) [38,39].

2.11. Statistical analyses

A two-way analysis of variance (ANOVA) was used to assess the
differences among groups based on diet or surgical intervention. Post
hoc comparisons were made using the Bonferroni t-test for multiple
comparisons. Mean values are presented±SEM, and the level of
significance was set at pb0.05.

3. Results

3.1. Body and heart mass

All sham rats survived the 12 weeks of treatment. Survival at 12
weeks in the infarct groups was not significantly affected by dietary
treatment (68% for STD and 82% for EPA + DHA). Body mass at
baseline was not different among groups, and was similar at the
termination of the study (Table 1). Infarction yielded a similar scar
size in both STD and EPA + DHA-fed animals, and had no effect on
total LV mass. Infarction resulted in significant increases in right
ventricular and biventricular mass in both the STD and EPA + DHA
groups (Table 1). Atrial mass was increased by infarction in the STD
chow group (38% compared to sham), but was not significantly
increased in the EPA + DHA-fed animals (Table 1).

3.2. Echocardiographic data

After 12 weeks of treatment, LV EDV and ESV were increased and
ejection fraction was decreased by infarction in the STD and EPA +
DHA diet groups compared with their respective shams (Fig. 1). There
were no differences in function between the STD and EPA + DHA
groups. Relative wall thickness was decreased with infarction in both
STD and EPA+DHA-fed rats reflecting LV remodeling, with no effects
of EPA + DHA supplementation (Table 1).

3.3. Mitochondrial phospholipid analysis

EPA + DHA significantly altered phospholipid composition in
cardiac SSM and IFM. Notably, EPA + DHA increased the content of
DHA in SSM and IFM membranes compared to STD diet, and in SSM,
infarction decreased DHA in the STD chow-fed rats only (Fig. 2). The
content of EPA was not detectable in all but one out of seven to eight
samples in IFM and SSM from STD-fed rats (limit of detection=0.41%
of total phospholipid fatty acids) but was detectable in all EPA+DHA-
fed rats (Table 2). EPA + DHA also decreased the content of
arachidonic acid in SSM and IFM membranes, and arachidonic acid

Fig. 2. Cardiacmitochondrial fatty acid content expressed as percentage of total fatty acids
in SSM and IFM phospholipids. Docosahexaenoic acid content in SSM (top left panel) and
IFM(top right panel); arachidonic acid content in SSM(middle left panel) and IFM(middle
right panel); and the ratio of docosahexaenoic acid content to arachidonic acid content in
SSM (lower left panel) and IFM (lower right panel). n=7–8/group. ⁎pb0.001 vs. standard
chow sham; ‡pb0.001 vs. standard chow.
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was significantly elevated in STD-fed rats with infarction in SSM only
(Fig. 2). The ratio for DHA to arachidonic acid was significantly
increased in EPA + DHA-fed rats in both SSM and IFM (Fig. 2).
Palmitic acid was modestly but significantly reduced by EPA + DHA
as a main effect in SSM only, but was increased by infarct in IFM
(Table 2). Stearic acid was slightly but significantly reduced by EPA +
DHA in both SSM and IFM, and oleic acid was decreased with EPA +
DHA in sham rats in SSM and with EPA + DHA as a main effect in IFM
(Table 2). Linoleic acid was modestly decreased in the EPA + DHA
infracted rats in SSM only (Table 2).

Previous studies have reported a decrease in total CL and L4CL with
heart failure [39,40], and an increase in total CL with high intake of
EPA+DHA [24,41], therefore we assessed CL in SSM and IFM. Total CL
was unchanged in SSM, but decreased in IFM with EPA + DHA in
infarcted rats (Table 3). The percentage of CL that was L4CL was
significantly reduced by infarction in both SSM and IFM from almost
80% to b70% (Table 3). EPA + DHA altered CL composition, as seen in
an increase in CL containing one DHA and three linoleic acid side
chains (DHA1L3CL), in both SSM and IFM regardless of infarction.
Infarction also increased DHA1L3CL in both mitochondrial populations
(Table 3). The CL species containing one arachidonic acid and three
linoleic acid side chains, AA1L3CL, was increased with infarction on
STD diet in SSM and IFM, but EPA+ DHA prevented this increase, and
further decreased AA1L3CL in sham rats (Table 3).

3.4. Metabolic and biochemical parameters

As expected, plasma levels of TGwere significantly reducedbyEPA+
DHA in both sham and infarct groups, and serum adiponectin was
significantly elevated by EPA+DHAsupplementation (Table 4). Plasma
FFA (Table 4) and glucose (data not shown) were unaffected by either
diet or surgical treatment. In thepast,weobserveda reduction in inflam-
matory markers with EPA+ DHA feeding in a pressure overload model
[6], therefore we measured serum tumor necrosis factor (TNF) α and
urine thromboxane B2 concentrations in the present study. Serum TNF
and thromboxane B2 were not altered by diet or surgery (Table 4).

3.5. Enzyme activities

The activities of citrate synthase and SDH were measured in whole
cardiac tissue homogenates as an index of myocardial mitochondrial
content (Table 5). Both citrate synthase and SDH activities were signi-
ficantly reduced by ∼10–15% with infarction in both STD and EPA +
DHA groups, suggesting a modest decrease in mitochondrial content.

3.6. Mitochondrial respiration and superoxide production

The yield of mitochondrial protein was significantly decreased in
the IFM of infarcted animals in both the STD and EPA + DHA groups

Table 2
Cardiac mitochondrial phospholipid composition in SSM and IFM.

Fatty Acid Standard Chow EPA + DHA p

Sham Infarct Sham Infarct Infarct vs. Sham EPA + DHA vs. STD

SSM
EPA (C20:5n3) BQL BQL 4.2±0.3‡ 4.7±0.2‡ NS b0.001
Palmitic acid (C16:0) 12.5±0.8 11.3±0.4 11.1±0.4† 10.7±0.1 NS 0.035
Stearic acid (C18:0) 18.6±0.2 18.1±0.1 17.0±0.3‡ 17.2±0.1† NS b0.001
Oleic acid (C18:1n9) 15.2±1.1 13.0±0.5# 12.5±0.2† 12.9±0.3 NS NS
Linoleic acid (C18:2n6) 21.6±0.3 20.9±0.7 21.5±0.4 18.4±0.5#† 0.005 NS

IFM
EPA (C20:5n3) BQL BQL 4.2±0.2‡ 4.0±0.2‡ NS b0.001
Palmitic acid (C16:0) 10.9±0.5 12.0±0.5 11.1±0.3 12.3±0.3# 0.007 NS
Stearic acid (C18:0) 18.2±0.2 18.6±0.2 17.5±0.1† 18.0±0.1† 0.031 b0.001
Oleic acid (C18:1n9) 13.7±0.9 12.5±1.0 11.8±0.2 11.2±0.7 NS 0.039
Linoleic acid (C18:2n6) 21.8±0.4 21.9±0.8 21.8±0.4 20.6±0.4 NS NS

Data are expressed as percent of total mitochondrial membrane phospholipid content. Data are the mean±SEM. n=7–8/group. #pb0.05 vs. EPA + DHA sham, #pb0.05 vs. sham,
⁎pb0.001 vs. sham, †pb0.05 vs. standard chow, ‡pb0.001 vs. standard chow sham. The Infarct vs. Sham column represents significant main effects of surgery. The EPA+DHA vs. STD
column represents significant main effects of diet. BQL, below quantifiable limits; NS, not significant.

Table 3
Mitochondrial cardiolipin composition.

CL Species Standard chow EPA + DHA p

Sham Infarct Sham Infarct EPA + DHA vs. STD Infarct vs. Sham

SSM
L4CL (%) 77.7±1.3 66.9±4.8# 79.3±1.1 69.8±2.1# NS 0.003
AA1L3CL (%) 2.9±0.3 5.2±0.9# 1.6±0.2 2.7±0.5† 0.004 0.009
DHA1L3CL (%) 1.9±0.2 3.5±0.8 4.0±0.5† 6.0±0.8† 0.003 0.015
Total CL (nmol mg mito protein1−) 10.7±1.1 10.3±0.8 11.3±1.1 10.5±1.1 NS NS

IFM
L4CL (%) 77.9±0.7 65.9±4.8# 80.6±0.8 68.7±2.6# NS b0.001
AA1L3CL (%) 2.7±0.2 5.6±1.1# 1.9±0.2 2.9±0.4† 0.015 0.010
DHA1L3CL (%) 2.5±0.5 3.7±0.8 3.1±0.5 5.8±0.4#, † 0.031 0.004
Total CL (nmol mg mito protein1−) 11.6±1.0 9.2±1.2 11.1±0.8 7.5±1.3# NS 0.021

Data are expressed as percentage of total cardiolipin content. Data are the mean±S.E.M. n=6/group.
# pb0.05 vs. sham.
† pb0.05 vs. standard chow. The EPA + DHA vs. STD column represents the significant main effects of diet and the Infarct vs. Sham represents the main effects of surgery. NS, not

significant; CL, cardiolipin; SSM, subsarcolemmal mitochondria; IFM, interfibrillar mitochondria; L4CL, tetralinoleoyl cardiolipin; AA1L3CL, cardiolipin containing one arachidonic
acid and three linoleic acid chains; DHA1L3CL, cardiolipin containing one docosahexaenoic acid and three linoleic acid chains.
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(Table 5). There was a trend for a decrease in the SSM, but this
difference did not reach statistical significance (p=0.095). State 3 and
state 4 mitochondrial respiration rates were not affected by diet or
surgery with glutamate + malate, pyruvate, palmitoyl-CoA, palmi-
toylcarnitine, or succinate+rotenone as a substrate in both SSM and
IFM (Table S1). State 4 respiration measured in the presence of
oligomycin was not different between groups, indicating the absence
of uncoupling.

In both the SSM and IFM, ROS production with succinate +
rotenone as a substrate was increased with infarction (Table 5). The
production of ROS with glutamate, ADP, and oligomycin were not
different with dietary or surgical intervention (Table S2).

3.7. Ca2+-induced MPTP opening

EPA + DHA feeding decreased susceptibility to Ca2+-induced
MPTP compared to the STD diet in sham animals in both SSM and IFM,
indicating delayed MPTP opening (Fig. 3). Infarction had no effect on
Ca2+-induced MPTP opening in both mitochondria populations, and
EPA + DHA had no effect on MPTP in rats with infarction (Fig. 3).
Cyclophilin-D is considered to be a key regulatory component of the
MPTP, however Western blot analysis found no effect of EPA + DHA
on cyclophilin-D protein expression in either SSM or IFM (Figure S1 in
Supplementary Data). The voltage-dependent anion channel (VDAC)
is thought to play a role in regulation of MPTP, however protein
expression of VDAC1 was significantly decreased by infarction
regardless of diet, while VDAC2 was significantly reduced with in-
farction in the STD group, but not in the EPA + DHA-fed rats (Figure
S1). Thus the delay in Ca2+-induced MPTP we observed does not
appear to be due to changes in the mitochondrial content of cy-
clophilin-D or VDAC.

Since the duration of Ca2+ infusion was not sufficient to trigger
MPTP opening in all mitochondrial preparations, we subsequently

measured MPTP opening using less mitochondria and a higher rate
of Ca2+ infusion. A separate group of normal healthy rats were fed
EPA + DHA or STD diet for 8 weeks, and Ca2+ induced MPTP opening
wasmeasured in SSM. In this group, the duration of Ca2+ infusionwas
extended to allow all samples to undergo MPTP. EPA + DHA resulted
in MPTP opening at a higher cumulative Ca2+ load compared to
mitochondria from rats fed the STD diet (Fig. 4). Cyclosporin A (CsA;
100 nM) significantly shifted MPTP opening to the right in both STD
and EPA + DHA treatment groups (pb0.01) (Fig. 4).

4. Discussion

The goal of this investigationwas to determine the effects of EPA+
DHA supplementation on cardiac mitochondrial membrane compo-
sition, mitochondrial respiration, and MPTP opening in normal hearts
and following myocardial infarction. We found that EPA + DHA
altered fatty acid composition of mitochondrial phospholipids,
specifically decreasing arachidonic acid and increasing DHA. EPA +
DHA delayed Ca2+-induced MPTP opening in both SSM and IFM in
sham rats. This effect was enhanced by the addition of cyclosporin A
and was not accompanied by changes in mitochondrial respiration,
coupling, or cyclophilin D protein expression. On the other hand,
supplementation with EPA + DHA did not improve LV function nor
delay MPTP opening in failure myocardium. Nevertheless our findings
suggest the novel concept that dietary intake of ω-3 polyunsaturated
fatty acids can alter MPTP opening in normal hearts.

A delay in MPTP opening with EPA+DHA has not been previously
reported and could be clinically useful if it translates into less
myocardial injury in response to acute and chronic cardiac stress (e.g.,
ischemia/reperfusion or hypertension). The EPA + DHA-induced
delay in MPTP opening was enhanced by cyclosporin A, an inhibitor of
the isomerase activity of cyclophilin D, which plays a regulatory role
in MPTP opening. Cyclophilin D protein expression did not change

Table 4
Metabolites.

Standard chow EPA + DHA p

Sham Infarct Sham Infarct EPA + DHA vs. STD

Plasma triglycerides (mg dl−1) 113.0±14.0 106.3±9.7 70.3±6.5† 72.2±8.3† b0.001
Serum adiponectin (μg ml−1) 19.3±2.4 21.7±1.6 24.1±1.7 25.0±1.9 0.032
Plasma free fatty acids (mmol L−1) 0.16±0.02 0.20±0.01 0.16±0.01 0.15±0.02 NS
Serum TNFα (pg ml−1) 5.80±1.80 5.10±0.45 5.62±0.60 4.37±0.43 NS
Urine thromboxane B2 (pg mol−1 creatinine) 24.4±2.5 35.6±6.4 36.7±8.9 49.8±14.0 NS

Data are the mean±SEM; n=10–14.
† pb0.05 vs. standard chow. The Infarct vs. Sham column represents significant main effects of surgery. The EPA + DHA vs. STD column represents significant main effects of diet.

NS, not significant; TNFα, tumor necrosis factor α.

Table 5
Mitochondrial enzyme activities and ROS production.

Standard chow EPA + DHA p

Sham Infarct Sham Infarct Infarct vs. Sham

LV whole tissue
Citrate synthase (μmol gww−1 min−1) 115±3 103±5 117±5 107±5 0.033
MCAD (μmol gww−1 min−1) 14.7±0.3 12.8±0.6 14.3±0.5 13.7±0.7 0.068
SDH (μmol gww−1 min−1) 3.9±0.2 3.5±0.2 4.3±0.1 3.6±0.2# 0.004

Mitochondrial protein yield
SSM (mg gww−1) 23.9±1.9 19.8±2.2 23.3±2.9 20.2±1.8 NS
IFM (mg gww−1) 23.1±1.1 17.0±1.2⁎ 21.6±0.9 17.3±0.6⁎ b0.001

Mitochondrial ROS production (+ rotenone)
SSM (nmol H202 min−1) 2.18±0.26 3.02±0.53 2.03±0.23 2.83±0.33 0.024
IFM (nmol H202 min−1) 2.04±0.19 3.48±0.50# 2.13±0.16 2.85±0.34 0.003

Data are the mean±SEM. n=10–14.
# pb0.05 vs. sham.
⁎ pb0.001 vs. EPA + DHA sham. The Infarct vs. Sham column represents significant main effects of surgery. NS, not significant; LV, left ventricle; MCAD, medium chain acyl-CoA

dehydrogenase; SDH, succinate dehydrogenase; SSM, subsarcolemmal mitochondria; IFM, interfibrillar mitochondria.
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with diet or surgery in this study (Supplementary Fig. 1), suggesting
that changes in cyclophilin D do notmediate the effects of EPA+DHA.
More definitive studies with EPA + DHA supplementation in
cycolphilin D knockout mice are warranted [42]. VDAC is another
protein that has been implicated in the regulation of MPTP opening,
however the infarct-induced reduction in VDAC1 and 2 that we
observed were not related to MPTP opening. At present the molecular
components and regulation of the MPTP are unclear [17,18,43], which
makes it difficult to draw conclusions regarding howEPA+DHAaffect
MPTP opening at a molecular level. One limitation of the method used
to measure MPTP opening in the present study is that the assay
conditions minimized the potential contribution of oxidative stress.
Future studies should assess whether diet and heart failure affect
MPTP opening at different mitochondrial redox states and in response
to acute oxidative stress, e.g., that induced by the metabolism of
exogenous peroxides. In addition, the lack of beneficial effect of EPA+
DHAon LV remodeling and function in infarcted animalsmay be due to
the delayed initiation of treatment 7 days after coronary ligation. Since
MPTP opening is associated with apoptosis and myocardial damage
during ischemia and chronic stress [17,18,43], EPA + DHA treatment
prior to infarction may lead to less MPTP opening and thus prevent
myocardial damage and initiation of LV remodeling in the week fol-
lowing infarction.

Previous studies show a decrease in arachidonic acid in total
myocardial phospholipids with EPA + DHA [6,44], and in the present
study we extend this observation to show a similar decrease in
arachidonic acid in totalmitochondrial phospholipids and in cardiolipin.
A number of studies found that arachidonic acid plays an important role
in Ca2+ mediated MPTP opening and apoptosis. Arachidonic release by
Ca2+-independent phospholipase A2γmediates MPTP opening in renal
cortex mitochondria [45]. The release of cytochrome c from the
mitochondria, which leads to downstream apoptosis, may also be
regulated by arachidonic acid release from the membrane in mouse
embryonicfibroblasts [46] and in rat livermitochondria [20,47]. The role
of arachidonic acid may differ in cardiac mitochondria compared to

Fig. 3. Effect of diet on MPTP. The fraction of preparations with the MPTP open plotted as a function of the cumulative amount of Ca2+ added to the cuvette containing isolated
mitochondria. Upper panels: SSM from sham rats (left) and infarcted rats (right). Lower panels: IFM from sham rats (left) and infarct rats (right). n=10–14/group.

Fig. 4. Effects of CsA on MPTP. Upper panel: Representative results for animals treated
with the STD diet or EPA+ DHA in the presence and absence of cyclosporin A (CsA; 100
nM). Lower panel: The fraction of preparations with the MPTP open plotted as a
function of the cumulative amount of Ca2+ added to the cuvette containing isolated
cardiac SSM. n=3–4/group. CsA, cyclosporin A.
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mitochondria from other tissues, nonetheless there is clear evidence
that arachidonic acid can contribute to MPTP opening [48]. In the
present study there may have been a decrease in arachidonic acid
release from the membrane with EPA + DHA treatment, which would
delay or inhibit MPTP opening. In addition, alterations in cardiolipin
composition (i.e. decreased arachidonic acid and increased DHA
incorporation) may also play a role in MPTP opening. Further studies
are needed to fully assess the role of mitochondrial arachidonic acid on
MPTP opening.

Supplementation with EPA + DHA was ineffective in delaying
Ca2+-induced MPTP opening in mitochondria from infarcted hearts
despite increasing DHA and decreasing in arachidonic acid in cardiac
phospholipids. This suggests that changes in phospholipid composi-
tion are not responsible for the delay in MPTP opening observed in
sham rats. Myocardial infarction resulted in myocardial pathology, as
evidenced by LV dilation and contractile dysfunction, decreased
activity of mitochondrial marker enzymes in LV tissue, and a lower
IFM yield. Consistent with previous studies there was no impairment
in mitochondrial respiration in either SSM or IFM [7–10]. At present it
is unclear why the beneficial effects of EPA + DHA supplementation
on MPTP opening are absent in mitochondria from infarcted rats.

Our recent studies in rats with pressure overload found that sup-
plementation with EPA + DHA attenuated pathological LV hypertro-
phy and development of heart failure [6,27,29], however no such
protective effect was observed in the present investigation in rats
with infarct-induced heart failure. The reasons for the lack of benefit
in the present investigation may be due to the timing and duration of
treatment with EPA + DHA. In our previous study with abdominal
aortic banding, EPA + DHA treatment was initiated either 1 week
prior to aortic banding [6,27] or immediately after banding [29], and
resulted in significant cardioprotection. Since the purpose of the
present studywas to determine if EPA+DHA exerts a beneficial effect
in a model of irreversible myocardial injury, we initiated treatment 7
days after coronary ligation to insure that the myocardial infarct was
established. Our previous results from the aortic constriction model
suggests that if supplementation with EPA + DHA had been initiated
prior to coronary ligation a protective effect may have been observed.
Another possibility is that more prolonged treatment is needed to
fully elicit and maintain the effects of EPA + DHA. Previous work in
patients undergoing elective cardiac surgery established that supple-
mentation at a dose equivalent to ours show changes in membrane
DHA and arachidonic acid by 7–10 days of treatment, and a plateau by
∼30 days. Additional studies are needed to assess the effects of earlier
and more prolonged treatment with EPA + DHA.

In the present investigationmyocardial infarction resulted in heart
failure as evidenced by LV dilation and contractile dysfunction, de-
creased activity of mitochondrial marker enzymes in LV tissue, and a
decrease in the yield of IFM. Consistent with previous studies there
was no impairment in mitochondrial respiration in either SSM or IFM
[7–10]. On the other hand, infarct-induced alterations in cardiac
mitochondria in this model prevented the beneficial effects of EPA +
DHA supplementation on MPTP opening. Future studies should clarify
the relationship among heart failure, mitochondrial dyfunction and
EPA + DHA supplementation by assessing the effects of more
advanced heart failure, and initiating treatment after mitochondrial
dysfunction is established.

More severe and prolonged heart failure may derive benefit with
EPA+DHA supplementation, as suggested by the results of the recent
GISSI-HF trial [5]. For example, EPA + DHA could improve long term
survival in infarct-induced heart failure. Fiaccavento et al. showed
that high intake of α-linolenic acid, a ω-3 polyunsaturated fatty acid
found in vegetable oils, prolonged survival and prevented myocardial
pathology in cardiomyopathic Syrian hamsters compared to those fed
standard chow [49]. It is important to note that the dose of EPA+DHA
used in this study corresponds to an equivalent dose of in humans of
approximately 5 g/day (assuming an energy intake of 2000 kcal/day),

which is in the range of safe and effective doses recommended for the
treatment of hypertriglyceridemia (3–4 g/day). In the GISSI-HF trial, a
much lower dose of 0.85 g/day was used. Additional studies are
needed tomore fully assess the effects of variousω-3 polyunsaturated
fatty acids at higher doses on outcomes in heart failure.

In summary, the results of the present investigation demonstrate
that MPTP opening is delayed by dietary EPA+DHA supplementation
in sham rat hearts. This effect was associated with alterations in
membrane phospholipids, specifically a decrease in arachidonic acid
and elevated DHA. In contrast, LV function and MPTP opening were
not affected by EPA + DHA supplementation in infarcted myocardi-
um. Nevertheless, inhibition of MPTP opening in cardiac mitochondria
should be cardioprotective, and thus the novel effect observed here
may contribute to the lower incidence of heart failure observed in
people consuming high amount of EPA + DHA in population-based
studies [3,4].
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Table S1. Mitochondrial Respiration Data. 

 
 Standard Chow EPA+DHA 
SSM Sham Infarct Sham Infarct 
State 3 (nA O•mg-1•min-1)     
Glutamate 303±27 343±34 344±25 334±18 
Pyruvate 323±14 324±30 360±18 302±15 
Palmitoyl-CoA 253±8 259±12 286±10 256±11 
Palmitoylcarnitine 295±18 308±28 329±18 303±18 
Succinate + Rotenone 273±11 274±19 311±21 273±12 
State 4 (nA O•mg-1•min-1)     
Glutamate 31±1 37±5 34±3 36±4
Pyruvate 52±6 59±6 57±4 52±3 
Palmitoyl-CoA 46±7 52±6 43±6 48±3 
Palmitoylcarnitine 37±4 43±3 38±3 38±3 
Succinate + Rotenone 80±5 79±6 83±5 68±3 
RCR      
Glutamate 9.6±0.8 10.4±1.1 10.5±0.6 10.9±1.8 
Pyruvate 4.5±0.4 3.9±0.3 4.7±0.4 4.4±0.3 
Palmitoyl-CoA 4.1±0.2 4.2±0.3 4.5±0.3 4.4±0.3 
Palmitoylcarnitine 4.2±0.4 4.4±0.4 4.4±0.4 4.1±0.3 
Succinate+Rotenone 2.9±0.1 2.7±0.2 2.9±0.2 3.2±0.2 
     
 Standard Chow EPA+DHA 
IFM Sham Infarct Sham Infarct 
State 3 (nA O•mg-1•min-1)     
Glutamate 353±38 366±25 383±20 371±39 
Pyruvate 390±23 392±21 405±27 393±20 
Palmitoyl-CoA 291±23 334±15 306±23 329±16 
Palmitoylcarnitine 328±30 377±26 349±24 364±27 
Succinate + Rotenone 389±22 443±29 411±15 418±18 
State 4 (nA O•mg-1•min-1)     
Glutamate 39±6 49±5 44±6 47±4 
Pyruvate 89±7 99±6 88±9 87±6 
Palmitoyl-CoA 72±7 78±5 69±7 70±5 
Palmitoylcarnitine 83±8 86±6 89±13 83±5 
Succinate + Rotenone 120±8 141±7 126±8 130±6 
RCR     
Glutamate 9.8±1.0 7.9±0.5 9.6±1.0 8.2±0.8 
Pyruvate 4.5±0.3 4.1±0.3 4.8±0.4 4.6±0.3 
Palmitoyl-CoA 4.2±0.3 4.1±0.4 4.6±0.3 5.0±0.4 
Palmitoylcarnitine 4.1±0.3 4.5±0.3 4.5±0.6 4.4±0.3 
Succinate + Rotenone 3.3±0.1 3.1±0.2 3.3±0.2 3.3±0.1 
 
Data are the mean±SEM. n=10-14. SSM, subsarcolemmal mitochondria; IFM, interfibrillar 

mitochondria; RCR, respiratory control ratio. 



Table S2. ROS Production 
 
Substrate Standard Chow EPA+DHA P Value 

SSM Sham Infarct Sham Infarct Infarct vs. Sham 

Glutamate 0.59±0.06 0.68±0.05 0.66±0.04 0.68±0.07 NS 

ADP 0.20±0.03 0.34±0.10 0.20±0.03 0.27±0.05 NS 

Oligomycin 0.68±0.06 0.92±0.10 0.72±0.05 0.71±0.07 NS 

IFM      

Glutamate 0.66±0.09 0.86±0.09 0.69±0.04 0.79±0.09 NS 

ADP 0.15±0.05 0.28±0.04 0.12±0.03 0.31±0.06# 0.002 

Oligomycin 0.93±0.29 0.91±0.08 0.65±0.03 0.79±0.09 NS 

LV Tissue      

MDA+HAE 

(nmol•mg protein-1) 
0.32±0.02 0.35±0.02 0.32±0.01 0.39±0.04 NS 

 
ROS production is expressed as nmol H202•min-1. Data are the mean±SEM. n=10-14/group. 

#p<0.05 vs EPA+DHA sham. MDA, malondialdehyde; HAE, 4-hydroxyalkenals; SSM, 

subsarcolemmal mitochondria; IFM, interfibrillar mitochondria. 



Figure Legend 

Figure S1. Western blot analysis of MPTP-associated proteins. VDAC2 (left panel), VDAC1 

(middle panel), and cyclophilin D (right panel). n=10-14/group. #P < 0.05 vs. respective sham. 

VDAC, voltage dependant anion channel. 

 
Figure S1.  

 




